[1] To explore aftershock-triggering mechanisms for the 2003 Big Bear, California earthquake sequence, we determined differential travel-times and applied the double-difference technique to relocate these events, which formed three clusters. The main cluster coincides with the 3 km long northwest striking sub-vertical mainshock fault. The other two sub-vertical clusters, located at opposite ends of the mainshock rupture, are almost perpendicular to the mainshock fault, contradicting the 60°separation angle of conjugate faults as predicted from frictional laws. Allowing for a 30°uncertainty in the cataloged strike, dip and rake values about 75% of the aftershocks are strike-slip as determined from first motion and complete waveform moment tensor inversions. We use a mainshock conceptual slip model to derive Coulomb Failure Stress regions, and assess correlations between stress increases and aftershock locations. We conclude that the perpendicular aftershock clusters were triggered by the mainshock static stress perturbation.
Introduction
[2] Laboratory uniaxial compressive tests of rock samples show 60°conjugate faults [e.g., Twiss and Moores, 1992] . In contrast, scientists often observe strike-slip faults intersecting each other at right angles (e.g., many examples by Kilb and Rubin [2002] ). Several mechanisms have been proposed to explain the kinematics and mechanics of the orthogonal strike-slip faults and the accompanying seismicity. For example, Kilb and Rubin [2002] propose that perpendicular faults can be generated between two master strike-slip faults, in a style similar to the bookshelf block rotation. Low frictional properties of the faults can also increase the conjugate angles [e.g., Townend and Zoback, 2001] .
[3] Here we explore if other mechanisms can also generate perpendicular seismicity. We use double-difference technique with differential travel-times to relocate the 2003 Big Bear, California mainshock (Mw = 5.0; Feb. 22, 2003; located at 116.847°W, 34.309°N, depth: 5 km) and its aftershocks ( Figure 1 ). We systematically invert for focal mechanisms of this earthquake sequence. We construct a conceptual mainshock slip model to calculate Coulomb Failure Stress (CFS) pattern and correlate the CFS with the relocated aftershock hypocenters. Because of the difficulty to invert for aftershock locations and source parameters of small mainshock, only larger (Mw > 6) mainshock-induced CFS changes have been previously correlated statistically with the aftershock distribution [e.g., Toda et al., 2002] .
Double-Difference Relocations
[4] We relocated the Big Bear sequence using the doubledifference technique of Waldhauser and Ellsworth [2000] based on the travel-time picks from the Southern California Seismic Network (SCSN) and differential travel times determined with waveform cross correlation [Hauksson and Shearer, 2005] . We inverted both the travel-time picks and the differential travel times for events with 1) epicentral distances of less than 200 km, and 2) inter-event distances smaller than 5 km. Because the seismic waves propagate similar ray paths between event and station, the differential time can be inverted as a function of the spatial offset between the events. As a result, the double-difference technique can relocate the relative earthquake locations more precisely (Figure 1 ).
[5] We perform cross correlation for both P and S phases from 780 events to derive 26978 arrival times from 692 events that show similar waveforms. We use differential travel time only if its correlation coherency, used to measure the similarity between the waveforms, is greater than 0.6. Overall the P waveforms show higher coherency than the S waveforms. We compare the consistency between differential times derived from P and S of the same waveform pair for the whole data set. (P differential time À S differential time ) show a tight Gaussian distribution centered at zero with standard deviation less than 0.03 sec, corresponding to 150 m of location uncertainty using a P velocity of 5 km/sec The remaining 88 events, about 11% of the total events in the catalog, do not have good waveform correlations. To make our catalog more complete and to ensure accurate absolute hypocenters, we then included differential times derived from phase picks of the SCSN catalog. As a result, 55 more events were relocated. In the end, 747 out of 780 events occurring between 2003/1/1 and 2003/4/1 were relocated. Waveform-correlation gives moment centroid location while phase-pick differential times gives hypocenter. As a result, the inverted aftershock locations are more robust than that of the mainshock due to the shorter separation between the centroid and hypocenter for the aftershocks.
Relocated Seismicity
[6] The relocated aftershocks illuminate the mainshock rupture trend as well as several other cross-cutting trends ( Figure 1) . In cross section, the hypocenter of the mainshock is located within a 2.5 km by 1.8 km region devoid of aftershocks. In turn, this aftershock gap is surrounded by dense aftershock clusters on the mainshock fault, which dips slightly to the SW. The distribution of the aftershocks is consistent with regional fault mapping that reveals numerous fault traces cross-cutting each other at high angles [Sadler, 1982] . Only a subset of the known fault traces near the mainshock fault were activated during this sequence. From more than 100 sensitivity tests using different initial earthquake locations and different parameters for inversions, we found that the cross-fault aftershock pattern is a robust feature not controlled by the absolute locations for the aftershocks. The absolute locations as a whole can shift around by hundreds of meters as demonstrated in the sensitivity tests, depending on choice of damping parameters for the inversion and initial earthquake locations.
Style of Faulting
[7] We determined first motion focal mechanisms of these events using FPFIT program [Reasenberg and Oppenheimer, 1985] . The derived mechanisms exhibited mostly strike-slip and some thrust and normal focal mechanisms. Allowing for a 30°uncertainty in the cataloged strike, dip and rake values about 75% of the focal mechanisms are in good agreement with the vertical and sub-vertical fault planes illuminated by the relocated aftershocks.
[8] For moment tensor inversions of some Mw > 3.8 events, we integrated SCSN broadband waveforms to displacement and filtered between 0.02 and 0.05 Hz before downsampling from 100 to 1 sample per second. Each waveform trace is 100 s long to includes the complete waveforms. We have derived a preferred 1D velocity model (Table S1   1 ) that gives the best travel time fits and waveform fits between observed and synthetic waveforms from forward modeling. We then used the procedure of Dreger [2003] to invert for moment tensors. Variance reductions, defined as 1 minus the standard deviation between the observed and synthetic waveforms. The variance reduction for the mainshock is above 75% for three-component waveforms from seven. Overall the waveform fits are excellent (Figure 2) . The moment tensor for the mainshock has strike, dip, and rake of 136°, 71°, and À172°, respectively. Most of the larger aftershocks exhibit very similar strike-slip mechanisms but one aftershock exhibits an almost pure thrust mechanism (see Figure 3a and auxiliary material).
Slip Model and Static Stress Perturbation
[9] Because a detailed finite slip model for the Mw5.0 mainshock cannot be accurately determined, we approximate the mainshock rupture with a simple slip model, to see if it can explain the spatial distribution of aftershocks. We assume that the 2 km by 1.2 km region devoid of aftershocks on the mainshock fault plane represents the spatial extent of the mainshock slip model, Based on the moment released derived from the moment tensor inversion, we used an average slip of 0.26 m.
[10] We use this finite fault model to determine the Coulomb Failure Stress (CFS) perturbation caused by the mainshock based on the method of Toda et al. [2002] . To avoid stress singularities, we tapered the slip along the edges of the slip model to 0.026 m while conserving the total moment release. After tapering, the slip model produced a smoother butterfly pattern and wider CFS increase zone near the mainshock fault. We used an average northsouth trending regional stress direction from Hauksson [1994] and calculated CFS changes using several receiver fault orientations. Because the overall patterns are similar, we show only the results from the optimal fault orientation (Figure 3 ). The CFS model exhibits 4 extensional lobes, where two are perpendicular to the mainshock fault and correlate with the relocated aftershocks clusters.
Discussion
[11] The complex geometrical distribution of the aftershocks is smaller in overall size but of similar complexity to what is often observed for much larger mainshocks such as Landers, Hector Mine, and Northridge earthquakes [e.g., Hauksson et al., 2002] . We also found that an Mw5 earthquake can produce complex aftershock focal mechanisms. Several smaller aftershocks exhibited a large component of dip-slip movement and at least one large aftershock (M = 4.3) had a well-constrained pure thrust mechanism (Figure 3) . The locations of these dip-slip events The size of the circle is proportional to the magnitude of the earthquake. Color code shows the focal depth. The red star is the mainshock. We found good correlation between the double-difference relocated hypocenters and a published geologic map [Sadler, 1982] in this region. The 2 red arrows depict the 2 subvertical aftershock clusters which are perpendicular to the NW-SE trending mainshock fault.
are less well-constrained because these aftershocks have waveforms that differ substantially from the neighboring strike-slip events. As a result, some of these events were not relocated using the time difference from waveform cross correlation. However, these events were relocated when we included the phase picks in the double-difference inversion. Most of these thrust faulting events were within the shadow zone for strike-slip receiver faults and the advanced zone for dip-slip receiver faults.
[12] Previously, the 60°conjugate fault model has been used to successfully predict active deformation style in other regions. For example, Hauksson et al. [2002] relocated the Hector Mine earthquake sequence and found the aftershock locations depict a typical 60°conjugate fault pattern that is consistent with the regional maximum horizontal stress direction. However, for the 2003 Big Bear sequence, both the derived orthogonal aftershock clusters and mapped geologic structures contradict the 60°conjugate fault model. The possible mechanisms for perpendicular aftershock clusters include faults with very low normal stress or friction [cf. Twiss and Moores, 1992] . Also, the Big Bear mainshock triggered mostly the faults in the extensional lobes, suggesting other triggering mechanisms related to radiation pattern of the mainshock are also important.
[13] The qualitative correlation between relocated antisymmetric aftershock patterns and CFS changes argues that static stress perturbation from an Mw5.0 mainshock can be among the factors that controlled the occurrence of the faultperpendicular aftershock clusters. Dynamic triggering can also be important. But it is hard to interpret why dynamic triggering did not trigger more faults in the CFS compressional lobes. The aftershock clusters are mostly located in the extensional region induced from the mainshock faulting, or behind the slip direction of the mainshock on both sides, thus forming the anti-symmetric pattern similar to that predicted from Griffith crack theory (Figure 3b ). For pure strike-slip on a rectangular slip model on a vertical fault, the increased CFS regions define two major vertical seismicity zones located in the extensional quadrants. However, if there is a dip-slip component, there will be 2 more additional sub-horizontal seismicity zones at the top and bottom of the slip model. The deeper, and shallower sub-horizontal aftershock seismicity zones will be in the regions that moved up, and down, respectively, i.e., also in the extensional quadrants. We can also apply a similar approach to dip-slip faults, as long as the slip has relatively uniform direction and the slip patch is almost rectangular.
Conclusions
[14] We systematically studied several aspects of the 2003 Big Bear, California Sequence, including first motion inversion, complete waveform moment tensor inversion, aftershock relocation, and theoretical coulomb failure stress analyses. Previously it was difficult to study an Mw5 earthquake sequence in such details due to the uncertainties on aftershock locations and mainshock source parameters. The relocated aftershocks depict multiple fault traces, some of them perpendicular to the mainshock fault plane. The aftershocks show diverse focal mechanisms, based on moment tensor inversion and first motion mechanisms. We infer that the perpendicular seismicity was at least partially activated by the static stress transfer from the mainshock. Other mechanisms such as weak fault and dynamic stress triggering might also be important Our rectangular slip model predicts that there will be two or four such perpendicular aftershock clusters if the slip is parallel or oblique to the slip model boundaries, respectively. This prediction can be tested for future mainshocks as more high resolution seismic catalogs, moment tensor catalogs, and finite fault solutions become available.
